The velocity of a bowed violin string was measured at various points along its length and with various bow positions by placing a magnetic field perpendicular to the string and observing the voltage induced in the string. The string was found to oscillate in a simple triangular pattern described by Helmholtz. At all points on the string, the ratio of flyback time to period of the oscillation equaled the distance from bridge to observation point divided by string length. This equality implies that larger-amplitude vibrations for a given bow speed can be achieved by bowing closer to the bridge. It also implies that the waveform at the bridge has an exceedingly rapid flyback time and hence is rich in high-frequency components which are transmitted to the body of the instrument. Deviations from a triangular waveform were observed. These consist of slight rounding of the corners of the triangle and a superimpo•d sinusoidal oscillation of small amplitude. This paper reports a study of the motion of a violin string that was made by an electrodynamic technique. The inethod simplifies the observation of rapid vibrations on small strings. An earlier study • using high-speed photographs of a cello string indicated the form of the motion was as predicted by Helmholtz, •-but the flyback time was longer than expected. The present study shows the violin string motion is essentially as predicted bv the Helmholtz theory with certain exceptions that will be pointed out. We begin by describing the theoretical motion; then we describe the ex•perimental results; and finally we point out certain acoustical implications of the results.
This paper reports a study of the motion of a violin string that was made by an electrodynamic technique.
The inethod simplifies the observation of rapid vibrations on small strings. An earlier study • using high-speed photographs of a cello string indicated the form of the motion was as predicted by Helmholtz, •-but the flyback time was longer than expected. The present study shows the violin string motion is essentially as predicted bv the Helmholtz theory with certain exceptions that will be pointed out. We begin by describing the theoretical motion; then we describe the ex•perimental results; and finally we point out certain acoustical implications of the results.
I. THEORY OF VIBRATIONS
The Hehnholtz theor)' predicts the motion of a bowed string shown in Fig. 1. Figure 1 (a) shows snapshots of the string at successive instants in time. At all times it is formed of two straight-line segments. The breakpoint between the segments propagates along the string at a uniform velocity and is reflected from the ends. The envelope of the breakpoint is a parabola.
Figure 1 (b) shows the string motion as a function of time at three points on the string, denoted A, B, and C in Fig. 1 (a) . At all points, the ti•ne motion is a sitnple sawtooth triangle, but the ratio of rise time to fall time differs for the three points. At A, we have a rapid fall time and a slow rise time. At B, which is further along the string, we have a somewhat longer fall time and a correspondingly shorter rise time. in the exact center of the string, the fall time and rise time are precisely equal.
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Helmholtz's analysis shows that the ratio of fall time to the period exactly equals the distance from the bridge to the point of observation divided bv the length of the string. In other words:
where Tr is fall time, P the period of oscillation, D the distance from bridge to point of observation, and L the string length.
The experimental part of this paper presents evidence that the motion of an actual violin string is a reasonable approximation to the triangular waveforms shown in sequently, we have not further considered these deviations in the remainder of this paper.
One may ask why the vibration waveshape tiescribed by Helmholtz is appropriate to excitation by the bow. A string can vibrate with many other waveshapes. The bow and string together form an oscillator. An explanation of the mechanism of an oscillator, which must be nonlinear in nature, is beyond our knowledge and our inlentions in this paper. Schelleng • has made a more complete analysis of the string and bow considered as an oscillator. We will merely point oul that the string does oscillate, and that during the rise of the waveform, the string and the bow are stuck together and hence move at the velocity of the bow, which is constant. Thus a conslant velocity during the risetime is appropriate. The string slips along the bow hair during the fall time and thus moves at a different velocity than the bow.
Although it does not seem essential that the string moves with constant velocity during the fall, this is a perfectly acceptable motion.
II. EXAMINATION OF ACTUAL STRINGS
The measurement technique was suggested to the authors by Rose. a It is very simple and is shown in Fig.  2 (1) The sides of the pulse are not vertical. This COtlid be caused by the finite length of the magnetic field, which would introduce a rise time of 0.03 period. It COtlid be due to the stiffness of the' string. The (;, !), and A strings are larger in diameter and tend to be stiffer than the E string, which exhibits a noticeably faster rise time in Fig. 4 . Accm-ding to Lazarus, a it could be dne to the motion of the bridge (finite impedance of the bridge).
We have not considered this latter effect. bow cannot be so well tonirolled in rapid I)assagc.
•. Consequently, at the moment, we simply note the existence of the oscillation without being able to explain it.
V. CONCLUSIONS
The principal result of this study of the bowed string is a confirmation that its motion is a close approximation to the simple triangular motion predicted by Helmholtz and shown in Fig. 1 . The main deviations from this form are (1) a small but unexplained sinusoidal oscillation and (2) some rounding of the corners of the triangle probably due to the stiffness of the string and the motion of the bridge. In addition to these deviations, the string occasionally vibrates in one of several modes that are grossly different from triangular, such as a double-slip mode. These modes can either be obtained accidently by using too light a bow pressure or intentionally as in the sul tasto style of playing. In either case, the sound is markedly changed.
In the triangular mode of vibration, the string and bow are stuck together during the rise time and hence move at the same velocity. This constraint has implications for the violinist. In order to achieve a loud tone, a large velocity must be produced. This can be done in two ways; either by' moving the bow faster or by bowing closer to the bridge. The latter possibility works because, as is shown in Fig. 1 , the envelope of the string motion is parabolic and a small motion near the bridge produces a much larger motion toward the center of the string. Although we have not analyzed bow pressure, bowing near the bridge probably requires higher pressures.
The final conclusion concerns acoustics. On the assumption that most of the sound of a violin comes from the body, the most important waveform of the string motion is that at the bridge, since the bridge transmits the vibrations to the body. This waveform for the ideal triangular motion is shown in Fig. 11 and consists of a slow rise and an instantaneous flyback. In an actual instrument, the flyback cannot be instantaneous because of string stiffness and other factors. Hmvever, if it were, the Fourier spectrum of the Fig. 11 waveform would be (--1) •-sin (mot). n•l This is a very effective spectrum because it contains all the harmoni•s and the amplitude of successive higher harmonics decreases 6 dB/oct. The presence of all harmonics is a good way of exciting the resonances of the violin. The rate of decrease of 6 dB/oct is a good compromise between having weak high-frequency sound (as would be the case for a 12-dB/oct falloff) and a rate of falloff less than 6 dB/oct, which tends to give a harsh tone in many sounds.
